Objective: We aimed to investigate the relationship between plasma and CSF progranulin (PGRN) levels.
Progranulin (PGRN) is a cysteine-rich protein encoded by the GRN gene on chromosome 17q21. Initially, PGRN research uncovered its role in cellular processes such as proliferation, growth, and tumorigenicity. 1 In 2006, GRN mutations were discovered as a major cause of frontotemporal lobar degeneration (FTLD). To date, approximately 70 different GRN mutations have been found in at least 231 dementia families. A range of mutation types have been described, most causing PGRN haploinsufficiency due to the introduction of a premature stop codon and subsequent GRN messenger RNA (mRNA) nonsense-mediated decay.
PGRN ELISAs were successful in predicting GRN mutation status in serum, plasma, and CSF of patients with FTLD. [2] [3] [4] [5] [6] However, PGRN levels vary greatly, even in non-GRN mutation carriers, suggesting other genetic and/or environmental PGRN regulators. Also, while GRN mutations ubiquitously alter PGRN expression in all cell types and allow for diagnosis using blood PGRN levels, other modifying factors might regulate PGRN in specific compartments. This is important because of increasing interest in identifying regulators of PGRN levels and/or function for FTLD therapies and in using plasma PGRN levels to monitor disease treatment. To better understand the relationship between plasma and CSF PGRN levels, we performed the first comparative study of PGRN levels in plasma and CSF using a large cohort of individuals ascertained in the Mayo Clinic Study of Aging. Furthermore, we provide data to suggest that patient characteristics as well as single nucleotide polymorphisms (SNPs) rs5848 (GRN) and rs646776 (sortilin 1 [SORT1]) differently regulate plasma vs CSF PGRN.
METHODS Study population. This study included all subjects (n 5 345) recruited into the Mayo Clinic Study of Aging (MCSA) with plasma and/or CSF, and blood samples for DNA available for study. 7 All subjects were between 70 and 89 years of age upon study entry and were residents of Olmsted County, MN. Study design details and participant recruitment are provided elsewhere. 7, 8 All MCSA subjects undergo a clinical and cognitive assessment every 15 months that includes a nurse interview, neurologic evaluation, and neuropsychological battery. Cognitive domain impairment was assessed by comparing the person's domain score with that of normal subjects from the same population. A score of #21.0 SD below the age-specific mean in the general population was considered possible cognitive impairment. However, a decision about impairment in a cognitive domain was not based on an algorithm but on a consensus agreement among the examining physician, nurse, and neuropsychologist, taking into account years of education, prior occupation, and visual or hearing deficits. 7, 8 Mild cognitive impairment (MCI) was diagnosed according to the following published criteria: cognitive concern by subject, informant, nurse, or physician; impairment in $1 of the 4 cognitive domains; essentially normal functional activities; and absence of dementia. 9 Blood was collected in a fasting state using standard venipuncture procedures. The blood was immediately centrifuged and the plasma was stored at 280°C until analyses were conducted. CSF was also collected in a fasting state using a 22-gauge needle and stored at 280°C in polypropylene tubes in 0.5-mL aliquots until analysis. Pittsburgh compound B (PiB) uptake scores obtained at the time of CSF collection were available for 107 subjects.
Standard protocol approvals, registrations, and patient consents. The study protocols were approved by the Mayo Clinic and Olmsted Medical Center Institutional Review Boards. All subjects provided signed informed consent to participate in the study and in the CSF protocols.
Genetic analyses. Whole blood DNA was extracted using standard procedures. APOE SNPs rs429358 and rs7412, as well as SNPs rs5848 and rs646776 genotyping was performed with a TaqMan allelic discrimination assay with Assay by Design probes (Applied Biosystems, Foster City, CA) and an ABI 7900 PCR system. Genotyping calls were made using SDS version 2.2 software (Applied Biosystems). PGRN ELISA. To determine plasma and CSF PGRN expression levels, we used the Human Progranulin ELISA Kit (Adipogen Inc., Seoul, Korea) per the manufacturer's instructions using CSF diluted 1:2 and plasma diluted 1:100 in the provided dilution buffer. All samples were analyzed in duplicate. The provided recombinant human PGRN was used as a standard.
Statistical analyses. Statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC) and R statistical software version 2.14 (R Foundation for Statistical Computing, Vienna, Austria). PGRN levels in both CSF and plasma were multiplied by the dilution factor of 2 and 100, respectively, and transformed on the natural logarithm (LOG) scale because of their skewed distributions. Separately for CSF and plasma, a linear mixed-effects regression model with a fixed intercept and separate random effects for ELISA plate pair and subject was fit for LOG-transformed PGRN; so-called normalized PGRN levels were obtained by adding the intercept and random subject effect. Initially, we explored the association between PGRN levels (dependent) and potentially confounding variables (sex, age at sample collection, diagnosis at sample collection, APOE genotype, and PiB score) separately in CSF and plasma using a single variable linear regression model. Variables that were significantly associated with PGRN levels (p , 0.05) in the single variable analyses (sex and age at sample collection) were controlled for in all subsequent analyses examining the associations with normalized PGRN.
In the subset of subjects for which both plasma and CSF were obtained, the association between normalized plasma PGRN and normalized CSF PGRN was summarized by a Pearson partial correlation coefficient (partial r) controlling for sex and age at CSF collection. Exploratory analyses were performed to assess the effect of diagnosis and time interval between plasma and CSF collection on the association between normalized plasma PGRN and normalized CSF PGRN using linear regression with the inclusion of an interaction term with normalized plasma PGRN. In addition, a sensitivity analysis was performed excluding potential outliers (subjects with normalized PGRN levels .3 SD from the mean).
The association of 2 genetic variants, rs5848 and rs646776, with normalized PGRN levels (dependent) was first done separately for CSF and plasma using a multivariable linear regression model controlling for sex and age at sample collection. In the subset of subjects with both plasma and CSF collections, we evaluated the associated effects of rs5848 and rs646776 individually with normalized CSF PGRN (dependent) by linear regression models in which we adjusted for sex, age at CSF collection, and normalized plasma PGRN. These models were constructed for the purpose of association analysis. Separately for each variant, we report the p values that address whether adding the genetic variant to the model with sex, age at CSF collection, and normalized plasma PGRN is significant. Because PGRN levels were considered on the natural logarithm scale, regression coefficients were exponentiated and are presented as multiplicative effects, which are interpreted as the multiplicative increase on the median PGRN.
RESULTS
Using an ELISA, we obtained plasma PGRN levels for 276 individuals and CSF PGRN levels for 342 individuals from our cohort of 345 participants enrolled in the MCSA (subject characteristics are included in table 1). We first studied the effect of age and sex on PGRN levels separately in both plasma and CSF. There was an estimated 3% increase (p 5 0.0031) in plasma PGRN and 2% increase (p 5 0.0044) in CSF PGRN per 5-year increase in age.
Moreover, PGRN levels in male participants were 7% lower in plasma (p 5 0.0025) and 5% higher in CSF (p 5 0.0024) than those in female participants. While all 345 subjects were normal at study entry, 58 individuals converted to MCI or dementia of the Alzheimer type (DAT) at the time of plasma and CSF collection. Therefore, while not a primary study objective, we also explored whether diagnosis, PiB uptake scores, or APOE genotypes were significantly associated with PGRN levels in either plasma or CSF. None of these variables showed an association with PGRN levels in either fluid (table 2) .
To evaluate to what extent a subject's CSF PGRN level can be predicted using their plasma PGRN measurement, we estimated the correlation between normalized PGRN levels in these 2 compartments using a linear regression model. We included data obtained from the 273 subjects with both plasma and CSF PGRN levels available and used sex and age at CSF collection as covariates ( figure 1 ). This statistical model revealed that higher plasma PGRN was associated with higher CSF PGRN (partial r 5 0.17; 95% confidence interval: 0.05-0.29; p 5 0.004; n 5 273). To ensure that other confounding variables were not significantly affecting the correlation, we performed exploratory analyses to determine whether this correlation differed between diagnosis groups (normal vs MCI/DAT) or between subjects with short (#75 days; n 5 139) vs long (.75 days; n 5 133) time periods between plasma and CSF collection. The calculated interaction p values were not significantly different for either analysis (interaction p value 5 0.68 and 0.56, respectively). In addition, the primary model's Pearson partial r did not change and significance was not lost when outliers were excluded (p 5 0.007; n 5 269).
Although CSF PGRN levels increased as plasma PGRN levels increased, our model accounting for age, sex, and plasma PGRN levels only explained 6.2% of the variability in CSF PGRN levels (R 2 5 0.062); therefore, other components might contribute to the variability observed between plasma and CSF PGRN levels. Previous reports identified variants rs5848 and rs646776 as important genetic 
Abbreviations: DAT 5 dementia of the Alzheimer type; IQR 5 interquartile range; MCI 5 mild cognitive impairment. a Age at plasma collection was missing for one individual, therefore the missing value was replaced with the age at CSF collection for that individual.
modifiers of PGRN levels in plasma and/or serum. 10, 11 To confirm these previous studies and to assess to what extent these variants associate with CSF PGRN levels, we stratified our cohort by rs5848 and rs646776 genotypes (summary of results in table 3 ). Association analyses revealed a significant effect on plasma PGRN levels for variant rs5848, with a 5% decrease in PGRN per minor (T) allele ( figure 2A ). For clarity, this reflects a 5% lower median level of plasma PGRN in the CT genotype as compared with the CC genotype, with the same proportional difference applying to those with the TT as compared with the CT genotype. The association of rs5848 with CSF PGRN levels was also observed with each minor allele contributing to an 8% decrease in PGRN levels ( figure 2B ). Association analyses also showed a significant 9% decrease in plasma PGRN levels for each rs646776 minor (C) allele ( figure 2C ). However, variant rs646776 showed no significant effect on PGRN levels in the CSF despite the strong association of rs646776 with PGRN in plasma ( figure 2D ). To determine whether accounting for rs5848 or rs646776 genotypes improved our CSF prediction model, we reevaluated the linear regression using rs5848 or rs646776 genotype as a covariate. SNP rs646776 did not account for further variability in CSF PGRN levels (R 2 5 0.062); however, rs5848 improved the prediction model by 12.4% (R 2 5 0.188). DISCUSSION Since the discovery of GRN mutations as a significant FTLD cause, clinical interest has centered around plasma PGRN levels as a biomarker for FTLD-TDP risk assessment as well as a potential therapeutic readout for therapies focused on increasing PGRN levels once they become available. This, in part, results from consistent reports showing significantly reduced plasma PGRN levels as an accurate way to identify individuals with autosomal dominant GRN mutations that lead to the FTLD-TDP phenotype. 3 However, GRN mutations result in PGRN haploinsufficiency in all cell types, whereas FTLD-TDP is a disease of the CNS. Therefore, determining whether relative plasma PGRN levels are representative of brain PGRN levels is important when considering the clinical applications of plasma PGRN measurements, especially in individuals without GRN mutations. A key question in this regard is whether baseline or pharmaceutical-induced changes in blood PGRN levels adequately represent PGRN levels in the CNS. To provide insight into this issue, this report provides the first correlation study between PGRN levels in plasma and CSF, a CNS-relevant fluid, in a large human cohort enrolled in a population-based study.
We first found that age and sex are important PGRN modifiers in both plasma and CSF. While plasma and CSF PGRN levels were similarly influenced by age, with an increase of approximately 2% to 3% per 5 years, opposing effects were observed when our cohort was stratified by sex, with male participants showing significant 7% lower levels of PGRN in plasma but 5% higher levels of PGRN in CSF as compared with female participants. Given that some patients had converted to MCI or DAT at the time of sample collection, we studied whether diagnosis, PiB uptake scores, or APOE genotypes were associated with PGRN levels. None of these factors significantly affected PGRN in either plasma or CSF. Determining PGRN levels in patients with DAT was not the primary objective of this study and the number of affected subjects that we analyzed was low; however, these findings are consistent with previous studies reporting no significant difference in plasma PGRN levels in patients with Alzheimer disease (AD) as compared with controls. 3, 12, 13 Using plasma and CSF PGRN levels obtained from 273 individuals and accounting for age and sex, we found that high plasma PGRN levels were associated with high CSF PGRN levels. This correlation did not differ when we accounted for outliers, diagnosis, or time between CSF and plasma collection. This indicates that an individual's relative PGRN expression will tend to deviate from the average in the same direction in both sample types. However, we observed only a small correlation. In fact, age, sex, and plasma PGRN levels together accounted for only 6.2% of the variability observed in CSF, indicating that other variables are involved. Based on these findings, it is clear that using plasma as the predominant fluid for PGRN quantification for FTLD-TDP risk might not always represent that of the CNS. This would explain results from our earlier study in which we did not identify a correlation between plasma PGRN levels and the age of disease onset in GRN mutation carriers or non-GRN mutation carriers. 3 These findings are comparable to publications that highlight the lack of correlation between plasma and CSF measurements for disease-specific biomarkers in other neurodegenerative disorders. For example, studies comparing tau and b-amyloid (Ab) levels in AD cases compared with controls revealed discrepant results using plasma Ab and tau measurements; however, reports have been more consistent to show increased total or phosphorylated tau, as well as decreased Ab levels, in patients with AD compared with controls when quantifying these proteins in CSF, indicating the CSF as potentially a better fluid for biomarker studies in AD. [14] [15] [16] [17] [18] [19] [20] Other elements, including genetic modifiers, epigenetic aspects, epidemiologic influences, and/or environmental factors, are also likely to influence PGRN levels. For example, it is known that PGRN levels are elevated due to inflammation or other clinical conditions such as pregnancy or cancer 21, 22 ; however, whether these conditions similarly affect plasma and CSF PGRN levels is unknown. PGRN receptor expression levels and distribution will also have an important role and might be significantly different in the periphery as compared with the brain. Our new data clearly demonstrate that genetic influences on PGRN levels are different in plasma vs CSF. We first studied rs5848, a common variant located in the 39-untranslated region of GRN. This SNP is predicted to alter a micro-RNA binding site, with the minor T allele resulting in lower PGRN levels through enhanced suppression of GRN translation. 10, 23 An association of rs5848 with plasma PGRN levels as well as with total brain PGRN levels from autopsy tissues was reported; however, its effect on CSF PGRN was not determined. Using the MCSA cohort, we now confirm the association of rs5848 with human plasma PGRN levels in a dosedependent manner, and we show for the first time a significant association of rs5848 with CSF PGRN levels. More specifically, our data indicated that one's rs5848 genotype is predicted to account for approximately 12% of the variability in CSF PGRN levels in our cohort. The significant correlation of this SNP with PGRN levels in the CNS could explain why we previously observed that carriers homozygous for the T allele of rs5848 (associated with lower PGRN levels) have a 3.2-fold increased risk of developing FTLD-TDP compared with homozygous C-allele carriers. 23 The second SNP studied, rs646776, was identified by a quantitative genome-wide association study of plasma PGRN levels and was shown to regulate PGRN levels by altering the expression of the PGRN receptor SORT1. 11, 24 While significantly associated with plasma PGRN levels, we did not observe an association between rs646776 and CSF PGRN levels in the MCSA cohort. This is important when considering whether plasma PGRN levels accurately depict CNS PGRN measurements. Furthermore, this would explain why adding the rs646776 genotype as a covariate in our correlation analyses had no effect in the linear regression used to predict CSF PGRN levels. As previously suggested, rs646776 (or its proxy rs12740374) most likely regulates SORT1 mRNA levels by affecting a liver-specific transcription factor binding site, likely explaining why its effect on PGRN was confined to the periphery. 25 The lack of an association of rs646776 with CNS PGRN levels also clarifies why rs646776 was not associated with FTLD-TDP in a genome-wide association study 26 and why no correlation was seen between rs646776 and brain SORT1 mRNA levels in our previous report. 11 To date, no effective treatment or therapy has been developed to treat FTLD or slow its progression. However, given the importance of GRN mutations in FTLD, increasing PGRN levels to overcome disease risk and/or onset has been of much clinical interest. Recently, several promising compounds were identified in cellular models of PGRN loss and were shown to be effective in increasing PGRN levels in lymphoblastoid cell lines derived from GRN mutation carriers. 27, 28 Whether plasma PGRN levels could be useful to monitor the effect of these and other treatments is unknown and will depend on the drug's mechanism of action. Our current data suggest that it will be critical to validate any effects seen on plasma PGRN levels in the brain and to realize that the absence of an effect on plasma PGRN does not exclude an effect in the brain or a potential effect on PGRN function. Moreover, our present sample cohort did not allow us to study the variability associated with PGRN measurements within the same individual over time or the effect of other variables such as fasting, which are additional complicating factors that need to be studied before plasma PGRN levels could be reliably used in the clinic. However, we also cannot exclude the possibility that stronger correlations might be observed using subjects of different ethnicities, subjects of younger age, or subjects with plasma and CSF samples collected at the same time.
Our study identified differences in PGRN regulation in the plasma compared with CSF. These findings provide a clear rationale not to use plasma PGRN levels as a reliable diagnostic aid to predict clinical features such as age at disease onset or the risk of developing FTLD, with the one exception being the use of plasma PGRN levels to determine GRN mutation status. Furthermore, caution should be taken when using plasma PGRN levels to predict PGRN changes in the brain, especially when using compounds without a known mechanism of action.
